Abstract Peptide receptor radionuclide therapy (PRRT) is a systemic cytotoxic radiation therapy using a compound of β-emitting radionuclide chelated to a peptide for the treatment of tumor with overexpressed specific cell receptor such as somatostatin receptor subtype 2 (SSTR2) of neuroendocrine tumor (NET). Surgical resection should be performed for the curative treatment for NETs when it is feasible; however, a multi-disciplinary approach is needed when locally advanced or metastasized disease. PRRT with lutetium-177 (Lu-177)-labeled somatostatin analogues, as a new treatment modality targeting metastatic or inoperable NETs expressing the SSTR2, have been developed and successfully used for the past two decades. As Lu-177 emits both β-and γ-radiation, it has the ability as a theragnostic agent for NETs compared with only β-emitting yttrium-90 labeled PRRT. Several recent studies reported that Lu-177 gave an overall positive response and improved the patients' quality of life. To fully exploit its potential, large comparative studies are needed for the assessment of distinct efficacies of Lu-177 labeled PRRT. Additionally, for extending the indications and developing new regimens of Lu-177-based PRRT, more dedicated clinical research is required.
Introduction
According to the United States Surveillance Epidemiology and End Results database and several other European databases from 1973 to 2007, they estimated the incidence of gastroenteropancreatic neuroendocrine tumors (NETs) at between 2.5 and 6.2 cases/100,000 population [1] . Over the past three decades, the incidence and prevalence of all NETs have shown a fivefold increased, greater than many other malignancies [2] . Surgical resection is the curative treatment for NETs; however, surgery is not feasible when NET is locally advanced or metastasized.
Overexpressed somatostatin receptor subtype 2 (SSTR2) on the cell membrane of tumor cell of NETs could be a key target molecule for peptide receptor radionuclide therapy (PRRT) with radiolabeled somatostatin [3] . Since the initial attempt of peptide receptor radionuclide therapy (PRRT) using In-111 octreotide in the 1990s, modified somatostatin analogue with a higher affinity for the SSTR2 and a more stable binding of radionuclide were developed. Lastly, labeled with the β-and γ-emitting radionuclide lutetium-177 (Lu-177) was shown to be very successful in achieving tumor reduction and survival in a rat model and several clinical trials. This review will address the possible advantages and clinical application of the use of Lu-177-labeled PRRT as a novel approach to radionuclide cancer therapy for advanced NETs.
Neuroendocrine Tumors
The NETs are a diverse group of malignancies deriving from the diffuse neuroendocrine cell system, with distribution almost everywhere in the human body. The gastrointestinal structures (72%) and broncho-pulmonary systems (25%) are the most frequent sites of NETs; less than 5% arise at other sites (e.g., thymus, breast and genitourinary system) [4, 5] . NETs show heterogeneous clinical presentation and growth pattern and can be either functioning or nonfunctioning in nature. Some NETs are functioning tumors, which means that they produce and release excessive peptide or amines resulting distinct clinical symptoms, such as flushing, diarrhea, hypoglycemia, gastric ulcers or skin rash [6, 7] . Although NETs arise from neuroendocrine cells, the majority of NETs are nonfunctioning tumors and are not associated with a distinct symptom of hormonal excess that may disturb their early detection. As a result, most patients present late with nonspecific symptoms, such as weight loss, bleeding or abdominal pain related to increased tumor mass and/or metastases [8] . According to these characteristics of NETs, 40% of the patients with NETs present with localized disease only, 20% of which are diagnosed with distant disease at the time of presentation [2] . Surgical removal is the only potentially curative therapy; however, many patients are diagnosed with inoperable state of NETs as mentioned above [2] . In locally advanced or metastatic NETs, a multi-disciplinary approach of cytoreductive strategies including octreotide therapy, chemotherapy, interferon alpha, interventional treatments or molecular targeted agents are needed [4] . PRRT may have benefits as a neoadjuvant or adjuvant therapy for unresectable or metastatic NETs [4] .
Somatostatin Receptor and Peptide Receptor Radionuclide Therapy (PRRT)
On the secretary NETs cellular surface, five subtypes of SSTR are expressed which bind somatostatin. Among those five subtypes of SSTR, SSTR2 and SSTR5 mediate antisecretory effects of somatostatin and somatostatin analogues by inhibiting hormonal secretions in functioning NETs [9] , and somatostatin binds with higher affinity to the SSTR2 [3] . Somatostatin could acts like an endogenous inhibitor of various hormones, such as serotonin, insulin, glucagon and gastrin [3] . Though NETs are usually slow growing, when these tumors have metastasized, treatment with somatostatin analogues results in reduced hormonal overproduction and symptomatic relief in most cases [3, 10] . For the objective tumor regression, however, treatment with somatostatin analogues is less successful [4, 11] .
PRRT is a molecular-targeted radiation therapy binding the overexpressed receptors on tumors with high affinity and specificity. Peptides are usually classified as containing <50 amino acids, with a molecular weight (MW) of~5,500 Da; a peptide with 100 amino acids is considered more to be a protein [12] . A novel peptide analogue, Tyr3-octreotide (Fig. 1a) , with a similar affinity profile for SSTRs was developed. Linked to a macrocyclic chelator, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), [DOTA0,Tyr3]-octreotide (DOTA-TOC) allows simple and stable radiolabeling [13, 14] . Octreotate (Tyr3,Thr8-octreotide), a newer analogue, which is identical to octreotide except that the C-terminal threonine amino alcohol is replaced by threonine with improved affinity for SSTR2, has been synthesized (Fig. 1b) [4] . The chelate analogue [DOTA0,Tyr3]-octreotate (DOTA-TATE), which has a nine-fold higher affinity for SSTR2 than DOTA-TOC, can be labeled with radioisotopes [15] . Figure 1 depicts the conjugates which are based on octapeptides such as octreotide, octreotate, DOTA-TATE and Lu-177-labeled DOTA-TATE. Since the first PRRT using yttrium-90 (Y-90) DOTA-TOC was initially used in 1996 in a patient in Basel, Switzerland, PRRT has been developed and established as an effective therapeutic approach in the treatment of inoperable or metastatic NETs for almost two decades [10] . Since the year 2000, DOTA-TATE can be labeled with the β-and γ-emitting isotope Lu-177 and has been used in clinical studies [4] .
Lutetium-177
The general characteristics of Lu-177 are described in Table 1 . Lu-177-labeled somatostatin analogues have six-to sevenfold increased in affinity for the SSTR2 in a comparison of Y-90 loaded counterparts [16] . Besides, Lu-177 emits both β-and γ-radiation, and this means that Lu-177 acts as a theranostic isotope. As a β-emitting radionuclide, Lu-177 is chelated to a peptide for the purpose of delivering cytotoxic radiation to a tumor with a maximal tissue penetration of 2 mm. Lu-177-labeled PRRT is more favorable because it emits lower energy (E β-max 0.49 vs 2.27 MeV) and has shorter emission range (1.6 mm vs 11 mm) of β-radiation compared with Y-90-labeled PRRT [16, 17] . Therefore, Lu-177-labeled PRRT causes less damage to neighboring healthy cells in comparison to Y-90 [18] . Lu-177 also emits imagable γ-photons, which allows both imaging for monitoring and dosimetry of the same compound, whereas Y-90 emits only β-particles [16] . In terms of toxicity, Lu-177-labeled PRRT has proved to be safer than Y-90-based PRRT, due to the lower renal and bone marrow absorbed doses delivered with the commonly administered activities in the majority of cases [17] .
Process of Treatment
Patient preparation includes an amino acid protection protocol for renal protection according to the guidance from the joint IAEA, EANM, and SNMMI recommendations as follows [4] . The protocol is composed of a co-infusion renoprotective amino acid mixture of positively charged amino acids, such as 5% lysine HCl and 10% L-arginine HCl, which competitively inhibit the proximal tubular reabsorption of the radiopeptide and leads significantly to reduction in the renal absorbed dose [19, 20] .
Several amino acid protective schemes composed of single-day or 3-day and 25-g or 50-g protocols were recommended [4] . Regardless of the type of the protocol, the amino acid protocol should be started 30-60 min before administration of the radiopeptide and should be continued for 4 h. Additive Gelofusine is recommended for further reduction of absorbed renal radiation dose [21, 22] ; however, there have been concerns about allergic and anaphylactoid reactions [23, 24] . Vital parameters should be monitored during Gelofusine infusion [21] .
Somatostatin analogue withdrawal for 4-6 weeks for longacting formulations and for at least 24 h for short-acting formulations should be performed prior to PRRT because they might interfere with receptor binding [4] . The treatment regimen of Lu-177-labeled PRRT for the noncompromised patient is that three to five cycles of 5.55-7.4 GBq (150-200 mCi) [4] . The current standard treatment protocols require confinement of patients to specialized shielded hospital radiation wards for 1-3 days after each administration of 7.4 GBq (200 mCi) Lu-177-labeled PRRT [25, 26] . The outpatient protocol is also proposed for Lu-177-based PRRT for NETs [27, 28] .
Dosimetry
Due to emission of γ-radiation of 208 keV of Lu-177, it is possible to perform quantitative imaging and to estimate the absorbed dose calculation [24] . According to the recent studies, the whole-body dose was 0.03-0.07 mGy/MBq for Lu-177-labeled PRRT [24, 29] , the absorbed renal dose is 0.6-1.2 mGy/MBq and the dosimetric analysis of the spleen was 0.7-1.8 mGy/MBq [24, 29, 30] . Bone marrow absorbed a dose of radiation that ranged from 0.02 to 0.07 mGy/MBq [24, 31] . Those dosimetric calculations of the absorbed bone marrow and kidney dose support the idea that more than 2 Gy seems appropriate for PRRT with Lu-177-labeled PRRT, because the dose-limiting organs are bone marrow and kidneys [31] . However, these results should be carefully applied to practical clinical settings because the published results were very different using the various methods for calculating absorbed dose for the tissue [24, [29] [30] [31] [32] . Additionally, the activity quantifications using planar image were dependent on the background correction, careful placing of a background region of interest (ROI) is needed for the correct dosimetry [32] . The pretreatment dosimetry of Lu-177-labeled PRRT based on whole-body diagnostic scans could therefore be utilized to tailor therapy with more accuracy [32] .
Toxicity Nephrotoxicity
The pattern of nephrotoxicity after PRRNT is that of progressive chronic renal disease [30] . Glomerular cells are relatively radiosensitive and not able to regenerate; therefore all radiolabeled therapies bear a high nephrotoxic potential [19] . Renal irradiation is not SSTR mediated, but related primarily to the very rapid clearance of the small radiopeptides that are filtered through the glomeruli and reabsorbed by the tubular cells with subsequent radiation to the glomeruli, which leads to the nephrotoxicity [19, 33] . It is reported that the grade 4 renal toxicity was occurred in 0.4% of patients after treatment with Lu-177-labeled PRRT [16, 34] and the PRRT leads to a reduction in kidney function with a loss of creatinine clearance of 4% per year using Lu-177-based PRRT [35] . However, if adequate renal protection and fractionation described above are applied, nephrotoxicity could be mild [4] . According to a consensus protocol, the calculated maximally tolerated absorbed dose to the kidneys is 27 Gy when Lu-177-labeled PRRT is administered as three or four fractions at intervals of 8-10 weeks [36] . Renal dose evaluation for Lu-177-labeled PRRT is significantly lower when compared with Y-90-labeled peptides, which means that Lu-177 is potentially less nephrotoxic [30, 33, 37] .
Myelotoxicity
Although acute or subacute bone marrow toxicity seems to be severe (grade 3 and 4), it is mostly reversible. In comparison with Y-90, it is assumed that the prevalence of acute myelotoxicity is less in patients with a treatment cycle utilizing Lu-177-labeled PRRT (2-3% vs 10-13%) [14, 31, 33, [38] [39] [40] [41] . Subacute hematological toxicities of grades 3 and 4 were observed in 2-11% of patients receiving Lu-177-labeled PRRT [14, 31, 33, [38] [39] [40] [41] . It is reported that the nadir normally occurs 4-6 weeks after each treatment, followed by a recovery phase [31] . Nevertheless, reduced bone marrow reserve, and more infrequently, sporadic cases of myelodysplastic syndrome or overt acute myelogenous leukemia have been reported [16, 33, 34, 42] . The patients with baseline nephrotoxicity (transient or persistent elevation in creatinine) tend to suffer from more hematological toxicity after PRRT [33] . Both prolonged circulation time of Lu-177-labeled PRRT and a poor renal function are the most important factors that explain the increased toxicity to the bone marrow [43] . It is controversial whether the prior chemotherapy is a risk factor for hematologic toxicity or not [14, 31, 33] .
Hormonal Crises
A so-called carcinoid crisis is a syndrome related to the sudden massive release of the metabolically active hormones and receptor stimulation, which could occur spontaneously after manipulation of the respective functional tumors [44] [45] [46] . The symptoms include hypertension, hypotension, diarrhea, bronchoconstriction, arrhythmia and electrolyte imbalance and it is a medical emergency [46] . It is reported that the hormonal crises after Lu-177-based PRRT occur infrequently and all patients with a hormonal crisis eventually recovered [46] .
Others
Other less serious side effects, such as nausea, vomiting, and abdominal pain, are more common and can be controlled by supportive care [46] . The infusion of amino acid for renal protection could cause nausea and vomiting [4] .
Treatment Response and Survival Analyses
PRRT with the somatostatin analogues labeled with Lu-177 has been explored in NETs for more than a decade. Though the reported result of PRRT using Lu-177 is relatively small, it seems that the response to Lu-177-based PRRT appears better than Y-90-labeled counterpart [16, 34, 35, 42] . The first study of Lu-177 described the treatment response for 35 patients with gastroenteropancreatic NETs who had a follow-up at 3-6 months after receiving the final dose of Lu-177 DOTA-TATE therapy [11] . In the study by Kwekkeboom et al. [41] , Lu-177-labeled PRRT showed a survival benefit of 40-72 months from diagnosis, compared with historical controls. The Lu-177 DOTA-TATE for progressive midgut NETs resulted in marked longer progression-free survival than other octreotide treatment in recent randomized phase 3 trial [47] . The published clinical studies have reported that the patients with NETs treated with Lu-177 DOTA-TATE have a radiological objective response rate (defined as complete remission and partial remission) of 9-35% and the gastroenteropancreatic NETs show the best objective responses (with partial responses ranging from 9 to 29% and complete remission from 2 to 6%) [26, 36, 48] . Survival analyses using PRRT have shown that patients with high SSTR expression and tumors with low (<2%) or moderate (2-20%) Ki67 proliferation index have significantly higher objective responses that translate into significantly longer survival [41, 42] . The objective tumor response rate with Lu-177-labeled DOTA-TATE is summarized in Table 2 .
Future of Lu-177-labeled PRRT
Additional application for Y-90-based PRRT have been reported for SSTR-positive tumors including meningiomas, medulloblastomas or astrocytomas and the results are regarded as encouraging for survival [42, 49] . There are also several clinical trials to apply PRRT using Y-90 to medullary thyroid carcinoma and refractory dedifferentiated thyroid carcinomas; however, the reported results were less favorable [50] [51] [52] . Those reported studies evaluated treatment response in SSTR-positive tumors with Y-90-labeled PRRT not with Lu-177. For more extended indications for Lu-177-labeled PRRT, various clinical trials are needed.
Combinations of with Lu-177-labeled peptides with Y-90-labeled peptides or with chemotherapeutic agent are being actively investigated and may prove to be of additional therapeutic benefit. Initial data indicate that combination treatments with the two isotopes of Y-90 and Lu-177 linked either to DOTA-TOC or to DOTA-TATE administered in sequential treatment cycles or as a cocktail infusion for several cycles improve survival [53, 54] . It seems that combination of Lu-177-labeled somatostatin analogues and Y-90 labeled somatostatin analogues has the most effective treatment response in [56] [57] [58] .
The clinical utility of peptide receptor chemoradionuclide therapy for the patients with unresectable locally advanced NETs was investigated and it was revealed that it has a potential role as a neoadjuvant therapy [59] . Though there are some advantages of the combination therapies, efficacy of combination of Y-90-and Lu-177-labeled analogues or peptide receptor chemoradiotherapy should be evaluated via larger prospective randomized trials to confirm these results. The scatchard analyses are in progress to develop new PRRTs labeled with Lu-177 which have higher affinity for the SSTR [60] [61] [62] . Additionally, there was a trial of intraoperative somatostatin receptor detection with Y-90 and Lu-177 DOTA-TOC using handled gamma probe and it is concluded that gamma probe-guided surgery after Lu-177 PRRT was feasible for more complete tumor resection [63] .
Conclusion
In the management of rare neuroendocrine malignancies, radiolabeled peptides have made their greatest impact. Especially as 87-92% of NETs express SSTR2, PRRT should be considered as a therapeutic option or a supportive care for the patients with advanced NETs [64] . Diagnostic and radiotherapeutic targeting of NETs with Lu-177-labeled peptide-based nuclear probes has been proved useful. Treatment with Lu-177-labeled somatostatin analogues is a more promising new tool compared with Y-90-loaded counterparts or other various treatments in the management of patients with inoperable or metastasized NETs. Several studies reported the promising results of the PRRT using Lu-177; however, the size of the studies is still limited. Therefore, large comparative studies are required for direct assessment of the distinct efficacies of Lu-177-labeled PRRT. To fully exploit its potential, the development of new radiopeptides and optimal combination regimen with improved pharmacokinetics is warranted. In addition to clinical research about combination therapies of analogues labeled with various radionuclides or chemoradionuclide therapy, efforts to upregulate somatostatin receptor expression or to develop the radiosensitizer are also required.
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